Microdischarge devices having inverted, square pyramidal cathodes as small as 50 mϫ50 m at the base and 35 m in depth, have been fabricated in silicon and operated at gas pressures up to 1200 Torr. For the polyimide dielectric incorporated into these devices ( r ϭ2.9), the discharges produced exhibit high differential resistance (ϳ2ϫ10 8 ⍀ in Ne͒, ignition voltages for a single device of ϳ260-290 V, and currents typically in the A range. Arrays as large as 10ϫ10 have been fabricated. For an 8 m thick polyimide dielectric layer, operating voltages as low as 200 V for a 5ϫ5 array have been measured for 700 Torr of Ne. Array lifetimes are presently limited to several hours by the thin ͑1200-2000 Å͒ Ni anode.
Microdischarge devices having inverted, square pyramidal cathodes as small as 50 mϫ50 m at the base and 35 m in depth, have been fabricated in silicon and operated at gas pressures up to 1200 Torr. For the polyimide dielectric incorporated into these devices ( r ϭ2.9), the discharges produced exhibit high differential resistance (ϳ2ϫ10 8 Microdischarges exhibit several novel characteristics and, specifically, with respect to power loading and operational pressure. [1] [2] [3] Silicon-based devices are of particular interest because of the likelihood for integration with electronic and electro-optical devices as well as the breadth of processing options that are available. Potential applications for arrays include medical treatments such as photodynamic therapy, displays, and chemical sensors. The feasibility of fabricating microdischarge devices in Si was reported in 1997 1 and the operation of small ͑five element͒ arrays of devices having planar cathodes was demonstrated in 1998. 2 In addition to planar cathodes, early arrays had thick ͑ϳ1 mm͒ dielectric layers and large diameter ͑ϳ400 m͒ cylindrical discharge channels machined mechanically. Intense emission was observed from these arrays but exploiting the capability and versatility of semiconductor microfabrication techniques to produce sub-100 m devices is essential if the potential of microdischarge devices is to be realized.
In this letter, the operation of microdischarge devices having inverted, square pyramidal Si cathodes is reported. Devices as small as ͑50 m͒ 2 and arrays as large as 10 ϫ10 have been fabricated to date by conventional photolithographic and chemical processing techniques, and operating voltages as low as 200 V for a discharge in 700 Torr of Ne in a 5ϫ5 array have been obtained.
The devices reported here were fabricated in p-type Si ͑100͒ wafers having a resistivity of 6-8 ⍀ cm and a thickness of typically 300 m. Pyramidal microcavities, 50 or 100 m square ͑at the base͒ and 35 m or 70 m ͑respectively͒ in depth, were first produced by wet etching in a 33% ͑wt/ wt͒ solution of KOH in water. Subsequently, the device dielectric was formed by spin coating an ϳ8 m thick layer of a dry etchable polyimide ͑Dupont 2611, relative permittivity r ϭ2.9͒ onto the Si surface, followed by e-beam evaporation of a 1200-2000 Å thick Ni film to serve as the anode. The desired ͑50 m͒ 2 or ͑100 m͒ 2 discharge channels in the metal anode and dielectric films were defined photolithographically with a Cr mask and etched by wet and reactive ion etched processes, respectively. Several devices and arrays having the same dimensions of the square microdischarge channels but with planar cathodes, rather than inverted pyramid channels, were also fabricated for the sake of comparison. Also, a few measurements have been made on single device samples having dielectric films of Si 3 N 4 and SiO 2 ͑total thickness of 0.15 m͒ sandwiched between the Si wafer and the polyimide. More than 40 pyramidal cathode devices and arrays have been tested to date.
Voltage-current (V -I) characteristics for a single microdischarge device, having a ͑50 m͒ 2 pyramidal Si cathode, are given in Fig. 1 for several Ne gas pressures between 300 and 800 Torr. Stable operation of both single devices and arrays was observed up to the highest gas pressures permitted with our present vacuum system, 1200 Torr. Operating voltages as low as 260-290 V for a single device are observed and the differential resistance is positive as reported previously for microdischarges in different materials systems. [1] [2] [3] The fact that the resistances associated with the data of Fig. 1 Before leaving these data, another issue that should be mentioned concerns the dry etchable polyimide film used in these experiments. As noted previously, r ϭ2.9, a value that is considerably smaller than that for the polyimide incorporated into metal/polymer devices developed in our laboratory and reported recently ( r ϭ3.8).
3 The lower value of r and the plasma resistance cited above appear to be responsible for the fact that the voltage across the device does not fall when ignition of the discharge occurs. Preliminary experiments testing pyramidal cathode devices having dielectrics of higher r ͑such as the SiO 2 and Si 3 N 4 combination described earlier͒ reinforce the conclusion that this effect is traceable to the dielectric.
The behavior of Fig. 1 is better understood when contrasted with similar data for a planar cathode device. Figure 2 shows V -I characteristics for a 50 m microdischarge device having a planar Si cathode, but otherwise identical to the device of Fig. 1 . These data are quite similar to those reported in Ref. 2 for larger microchannel ͑400 m diam cylindrical͒ devices in that the device voltage quickly saturates with increasing current. Also in accord with Ref. 2 is the fact that operating voltages between ϳ210 and 305 V are observed and the saturation voltage is inversely proportional to the gas pressure. A major factor accounting for the obvious differences between the V -I characteristics of Figs. 1 and 2 and the differential resistance, in particular, is the increase in cathode surface area afforded by the pyramidal device ͑relative to a planar structure͒ and the formation of a shallow hollow cathode. Although the electric field strength in the pyramidal cathode devices is considerably weaker at and near the axis of the device as compared to its planar counterpart, this factor does not play a dominant role, as evidenced by the relative currents for the planar and pyramidal cathode devices. Also, it is expected that thinner layers of dielectric materials having larger values of r will lower the plasma resistance of the pyramidal devices ͑although large differential resistance is advantageous for some applications͒. It is already clear that an attractive feature of the thin film microdischarge devices reported here is the versatility in tailoring the electrical properties of the device, including its capacitance and isopotential profiles.
The ability to fabricate microdischarge devices by processes well known in the semiconductor and MEMS communities allows one to readily examine arrays. To date, arrays as large as 10ϫ10 have been fabricated and Fig. 3 presents V -I data for the arrays most extensively studied thus far, ranging from 2ϫ2 to 6ϫ6. All of the arrays represented in Fig. 3 were composed of 50 m square pyramidal devices separated by 50 m and the data shown were acquired for discharges in 700 Torr of Ne with 56 k⍀ of ballast. Ballast is not necessary for operation of the arrays but is convenient for current measurements. Stable, glow discharges were obtained for Ne pressures beyond 1 atm, in contrast with arrays of 400 m diam planar cathode devices that were unstable for gas pressures of even a couple hundred of Torr.
2 Note from Fig. 3 that operating voltages as low as 200 V were observed for a 5ϫ5 array ͑210 V for a 6ϫ6͒ and, as men- tioned earlier, we expect this value to drop as thinner dielectric layers are employed. Also, the Ne emission spectra produced by these arrays in the 330-370 nm region are similar to those reported previously for single devices and arrays. 1, 3 During operation, the microdischarge devices were viewed by a charge coupled device ͑CCD͒ camera through a microscope objective. An optical micrograph of a 3ϫ3 array of ͑50 m͒ 2 devices, separated ͑center-to-center͒ by 75 m, is shown in the left-hand portion of Fig. 4 . The pyramidal structure of the cathodes is evident; note that all of the devices have a common anode-i.e., the devices are in parallel. The center photograph of Fig. 4 is that of a 3ϫ3 array operating in 700 Torr of Ne. Although the voltage and current for this array at ignition are 218 V and 0.35 A, respectively, this photograph was taken at higher power loading of the discharge ͑433 V, 21.4 A͒. This image is saturated, but attenuation of the fluorescence demonstrates that the emission from each discharge is spatially uniform. When a neutral density filter is placed between the device and the CCD camera, the photograph at the right side of Fig. 4 Preliminary measurements of the dependence of array power consumption on interdevice separation have also been made by fabricating, on one chip, eight 3ϫ3 arrays with different device spacings. With the Ne gas pressure held constant at 740 Torr, increasing the interdevice separation ͑d͒ from 50 m to beyond 170 m reveals a ϳ6% dip in the array starting voltage at dϭ100 m, followed by a gradual increase for larger spacings (dտ130 m) and a concomitant doubling of the current drawn by the array. Ohmic losses in the Si cathode wafer are partially responsible for this result ͑as well as the nonsimultaneous ignition of the devices when power is applied͒ but more detailed experiments already underway will be necessary to correlate array design with power consumption and radiative output.
Lifetime tests on 3ϫ3 arrays show that failure typically occurs after several hours of continuous operation. The output power is modest ͑in the W range͒ owing to the A currents presently drawn by these devices but, prior to failure, little degradation in performance is observed. For example, an array of 50 m square pyramidal cathode devices, separated by 50 m, and operating in 700 Torr of Ne, produces 5.1 W of radiation in the 300-800 nm region ͑mea-sured in a solid angle of 4.5ϫ10 Ϫ2 sr͒ and the power fluctuates by no more than Ϯ4% from this value in a 4 h period after warmup. More extensive lifetime tests will be conducted but the primary failure mode for arrays at present is vaporization or sputtering of the thin anode film. Residue left in the pyramids by the etching process is another factor. Anodes of larger cross-sectional area and the use of more robust materials such as polysilicon are expected to extend array lifetimes significantly.
In summary, arrays of inverted, square pyramidal cathode microdischarge devices have been fabricated in Si and their properties studied in Ne gas discharges at pressures as high as 1200 Torr. Because of their optical and electrical characteristics as well as their relative simplicity, microdischarge arrays offer a unique source of incoherent radiation that promises to be of value in the broad applications mentioned at the outset of this letter but these arrays also appear to be applicable specifically to coupling with optical fibers and face pumping of solid state microlasers. 
